CHORDATES (OSTRACODERMS)
In earlier papers I have directed attention to the fact that during the course of evolution of any series of organisms two opposite processes of development and evolution may be observed. In the first process, which has been named polyisomerism,l there is a budding or multiplication of some given part or parts, such as the teeth of sharks or the joints of the backbone in eels. This process has been recognized by earlier authors under such terms as "budding," "reduplication" (Cope), "metamerism" (Gegenbaur), "rectigradation" (Osborn, in part), "aristogenesis" (Osborn, in part) .
In the opposite but often simultaneous process there is some emphasis or selective action among the polyisomeres, that is, there may be a local acceleration or retardation of growth rates, causing later polyisomeres to grow larger or smaller than earlier ones; or some part or axis of one of the units may become the focus of a new acceleration or retardation; this produces lop-sided polyisomeres or anisomeres and the process itself is called anisomerism. In positive anisomerism we have progressive increase of some particular part or spot; in negative anisomerism the reverse occurs.
This process has also been recognized in part by carlier authors under such terms as "differentiation" (Spencer), "allometry" (Osborn, in part), "heterogony" (Pezard, Huxley, in part), "acceleration" and "retardation" (Hyatt, in part) . But The head shield of cephalaspids ( Fig. 2 ) was subject to a wide range of anisomerism in relative length and width and in the emphasis of its paired cornua. In short, "brachycephaly" and "dolichocephaly" in a broad sense were in full swing among these oldest known chordates. In Benneviaspis the maximum breadth of the cephalic shield measured across the posterior ends of its cornua was almost twice as great as its length in the median line (Stensio, 1932, p. 155) ; in Hoelaspis angulata the breadth across the cornua is nearly two and one-half times the head shield (Stensi6, 1927, p. 292) . In Kiaeraspis, on the other hand, the cephalic shield as a whole is "strikingly long, much longer than broad" (Stensio, 1927, p. 297) . In Hemicyclaspis murchisoni there were no projecting cornua at the postero-lateral angles of the shield (Stensio, 1932, p. 79) . In Sclerodus (Eukeraspis), on the contrary, the cornua were very long, about twice as long as the cephalic shield (Stensio, 1932, p. 178) . The nuchal spine of the shield was directed but slightly upward in Cephalaspis whitei (Stensio, 1932, p. K. After Patten. G is probably less specialized than F.
was less expanded than in the cephalaspids; it was covered by a median rostral and paired lateral rostral scutes (Stetson). The throat or floor of the expanded oralo-branchial chamber was covered with numerous small scutes. The eyes were relatively large and laterally placed; this fact, together with the more fusiform body, implying active pursuit of small prey. Thus the anaspids illustrate how a predaceous, externally fish-like form could be derived from a primitive ostracoderm by easily understood processes of secondary polyisomerism and anisomerism.
The order Pteraspidomorphi or Heterostraci exhibits a primitive dorsoventral asymmetry and bilateral symmetry, with lateral position of the paired eyes. There were five primary plates covering the head, one median rostral, one dorsal, one ventral and two lateral or branchial plates. In some forms median and lateral posterior spikes were taken over from the trunk region (Bryant, 1933) . Among the true pteraspids anisomerism, as shown in Bryant's material (1933, Fig. 2 ), was rife, producing all extremes from "mesaticephalic" to "dolicho-" and "brachycephalic" types. The rostrum varied from short in Poraspis, Cyathiaspis, Anglaspis, etc., to the sturgeon-like rostrum of Podolaspis.
The mouth of pteraspids, as shown by Kiaer (1928) , was somewhat comparable to that in myxinoids and bore maxillary and mandibular plates which were not connected with the branchial arches and therefore not strictly homologous with the complex jaws of true gnathostomes. There was a transverse row of about eight or nine gular plates on each side, implying considerable movement of the floor of the mouth. There was only a single gill opening on each side at the posterior end of the shield but there were about eight pairs of large pouches arranged in an antero-posterior series on either side of the mid-line.
The Drepanaspis type was doubtless derived from the primitive pteraspids by a rapid transverse widening of the head of such a primitive anaspid as Eoarchegonaspis wardelli (Bryant). Thus the small eyes were carried out to the lateral borders and a cylindrical shield was changed into a broad skate-like shield. The five primary plates remain but the field connecting them is covered with small irregular polygonal plates essentially similar to the large scales on the body. Through these anisomerous changes the strongly benthonic body shrinks to seventy-five per cent of the length of the head shield.
The step from Drepanaspis to the flattened Thelodus pagei involves the breaking-up of the head shield into placoid tubercles. Such a fragmentation, or secondary polyisomerism, culminates in the Coelolepidae (Kiaer, 1932) , which bave the appearance at first sight of being the least differentiated of all ostracoderms. And yet both Stensi6 and Kiaer have cited VOL. 21, 1935 many facts tending to show that such fragmentation is quite secondary in all branches of the ostracoderms (cf. Stensi6, 1932, pp. 195, 196) .
The question which is the most primitive of all the known Upper Silurian ostracoderms has been advanced toward solution by the considerations adduced by Kiaer (1928) and by Stensio (1932, pp. 185 et seq) concerning the morphology of the supposed naso-hypophysial duct in ostracoderms and cyclostomes. This duct in existing lampreys opens dorsally in front of the eyes but in embryonic stages it arises ventrally; then by the hypertrophy of the post-hypophysial fold the duct is gra.dually shifted upward so that it opens dorsally. According to Stensio, since there was no external median opening of the naso-pharyngeal duct in pteraspids, this duct, which is present in all other known vertebrates, must have been on the under side of the head and probably immediately below the anterior tip .......... of the notochord, where the hypophysial pit arises in cyclostome embryos. In the pteraspids this naso-hypophysial tube remained on the under side but in the cephalaspids and their successors the petromyzonts the nasohypophysial tube was displaced on to the dorsal surface through the enormous hypertrophy of the post-hypophysial fold, which expands into a sort of upper lip.
Such an overgrowth of the prenarial portion of the cephalaspid shield may well have been connected with the radial and peripheral growth of the so-called "electric nerves," which in several of Stensi6's plates (1927, pls. 45, 49 ) may be seen dividing and subdividing in a radial peripheral way. In any case the possession of this enormous "upper lip," analogous perhaps in sensory function to the expanded rostrum of the spoonbill sturgeons (Polyodon), was probably a point of departure for specializations of selective value in cephalaspids. The same peripheral spreading of the upper lip would cause the dorsal position of the paired eyes. The result of this expansion of the upper lip is to produce a subcircular head shield in the typical cephalaspid and an entirely misleading convergent resemblance to skates and rays, in which the disc is due to expansion of the pectoral fins.
This marked anisomerism of the anterior part of the head shield is the dominant feature of the cephalaspid, and it no doubt conditioned also the sub-circular arrangement of the gill-pouches on the under side of the shield.
The foregoing application of the principles of polyisomerism and anisomerism to the study of the evolution of the oldest known chordates naturally brings up the question of the origin of Amphioxus and other prechordates. In the light of present evidence it appears that Amphioxus represents a very highly specialized and in many respects simplified derivative of some such ostracoderms as the Anaspida. Extreme secondary polyisomerism is seen in the structure of the gill-arches and in the multiplication of the myomeres, while sharp negative anisomerism has reduced the brain almost to the vanishing-point. The nakedness of the body might also be expected in highly specialized modern derivatives of the originally short-bodied and well armed ostracoderms.
Summary and Conclusions.
- (1) The most primitive known ostracoderms were probably such forms as Poraspis and Palaeaspis; these had already advanced far from the possibly proto-echinoderm ancestors of the chordates; however, they retained no evident trace of quinqueradiate symmetry but were already dorso-ventrally anisomerous and bilaterally polyisomerous.
(2) The head shield of the pteraspids, involving a many-layered skin, was divided into five primary plates: one median rostral, two lateral or branchial, one median dorsal and one ventral. Both the head shield as a whole and the individual plates were subject to marked anisomerism in the divergent derivatives of the primitive pteraspid. At one extreme stands the long and narrow Podalaspis, at the other the well rounded Protaspis perlatus Bryant.
(3) The thelodonts and coelolepids may be regarded as excessively widened pteraspids derived perhaps from a Drepanaspis-like ancestor but with fragmented or secondarily polyisomerous exoskeleton.
(4) The naso-hypophysial opening of cephalaspids, which is on the dorsal surface of the head shield in front of the eyes, reached its position, according to Stensio, in the same way as does the naso-hypophysial opening of the recent lampreys (petromyzonts). That is, it probably arose in the embryo on the upper surface of the buccal cavity but opened downward. Through the great expansion of the post-hypophysial fold, the naso-hypophysial pit became displaced forward, so that what was originally its lower end came to open on the top of the head. VOL. 21, 1935 (5) The great expansion, or positive anisomerism, of the oral margin of the head shield of cephalaspids may have been associated with radial growth and secondary polyisomerism of the so-called "electric nerves," the canals of which, as preserved in many of Stensi6's specimens, are seen to divide and subdivide according to a regular system.
(6) Anisomerism of the head shield within the order Osteostraci produced on one hand extremely wide short head shields, as in Benneviaspis, and on the other, the long narrow shield of Hemicyclaspis. Fragmentation of the shield led to the tuberculate exoskeleton of Thyestes and Sclerodus.
The pectoral cornua, absent in Hemicyclaspis, became exceedingly long in Sclerodus (Eukeraspis). In the vertical axis most cephalaspid head shields were low and broad but in Cephalaspis isachseni the nuchal crest swept steeply upward into a high body.
(7) The anaspids seem to have been derived from primitive cephalaspids, as held by Stensi6, but by secondary polyisomerism of body segments and marked anisomerous reduction of the head shield they were transformed into relatively long, slender and sinuous fishes of rapid flight and probably predaceous habit. Meanwhile the head shield became much fragmented and the throat covered with small scutes.
(8) The two existing cyclostome orders, petromyzonts and myxinoids, retain many qualitative, deep-seated morphological characters from ancestral ostracoderms but have carried still further the secondary polyisomerism of body segments, so that the body may be more than twelve times as long as the head. Myxinoid embryos, according to Stensio, are more primitive in retaining the inferior position of the naso-hypophysial duct and so may have been derived from the pteraspids; the petromyzonts have shifted the naso-pharyngeal duct on to the top of the head and retain part of the cephalaspid head shield or expanded "upper lip." (9) Amphioxus may be a greatly degraded anaspid ostracoderm which has completely lost its head shield and suffered marked anisomerous growth of the notochord, with secondary polyisomerism of the branchial basket. The brain has become extremely small. Its nakedness is to be expected in a specialized derivative of primitively armored forms.
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